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Purpose This study aimed to investigate the methylation status of major histone modification sites in primary central nervous system
lymphoma (PCNSL) samples and examine their prognostic roles in patients with PCNSL.

Materials and Methods Between 2007 and 2020, 87 patients were histopathologically diagnosed with PCNSL. We performed
immunohistochemical staining of the formalin-fixed paraffin-embedded samples of PCNSL for major histone modification sites, such
as H3K4, H3K9, H3K27, H3K14, and H3K36. After detection of meaningful methylation sites, we examined histone modification
enzymes that induce methylation or demethylation at each site using immunohistochemical staining. The meaningful immunoreactiv-
ity was validated by western blotting using fresh tissue of PCNSL.

Results More frequent recurrences were found in hypomethylation of H3K4me3 (p=0.004) and hypermethylation of H3K27me2 (p
< 0.001) and H3K27me3 (p=0.002). These factors were also statistically related to short PFS and overall survival in the univariate
and multivariate analyses. Next, histone modification enzymes inducing the demethylation of H3K4 (lysine-specific demethylase-1/2
and Jumonji AT-rich interactive domain [JARID] 1A-D]) and methylation of H3K27 (enhancer of zeste homolog [EZH]-1/2) were immu-
nohistochemically stained. Among them, the immunoreactivity of JARID1A inversely associated with the methylation status of
H3K4me3 (R?=-1.431), and immunoreactivity of EZH2 was directly associated with the methylation status of H3K27me2 (R*=0.667)
and H3K27me3 (R?=0.604). These results were validated by western blotting in fresh PCNSL samples.

Conclusion Our study suggests that hypomethylation of H3K4me3 and hypermethylation of H3K27me2 and H3K27me3 could be

associated with poor outcomes in patients with PCNSL and that these relationships are modified by JARID1A and EZH2.
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Introduction

Primary central nervous system lymphoma (PCNSL) is
an extranodal, malignant, non-Hodgkin lymphoma of the
large B-cell type that is usually confined to the brain, eyes,
leptomeninges, or spinal cord, in the absence of systemic
lymphoma. PCNSLs account for up to 1% of all lymphomas,
4%-6% of all extranodal lymphomas, and approximately 3%
of all primary brain tumors worldwide, including Korea [1].
Although the incidence of PCNSL is relatively low, it has
increased steadily over the last two decades, particularly in
elderly patients, who represent the majority in the immuno-
competent populations [2].

Although PCNSL is a highly aggressive tumor with a poor

prognosis in untreated patients, in contrast to most malig-
nant brain tumors, PCNSL is sensitive to corticosteroids,
chemotherapy, and radiotherapy, and durable complete
responses and long-term survival seem possible with these
treatments. For systemic non-Hodgkin lymphomas, the
cyclophosphamide, doxorubicin, vincristine, prednisolone
(CHOP) regimen is routinely used, and it induces responses
with relatively good outcomes. However, this regimen is not
recommended for PCNSL as it offers no survival advantage
over radiotherapy alone [3]. The apparent inability of these
chemotherapeutic regimens to cross the blood-brain barrier
and eradicate the microscopic disease is a major challenge.
Recently, high-dose methotrexate has been regarded as the
most important and beneficial single drug for PCNSL, based
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on convergent results from many prospective and retrospec-
tive studies [4]. The therapeutic outcome has substantially
improved in the past two decades as a result of better cura-
tive treatment strategies. However, treatment of this disease
remains challenging because remissions are frequently of
short duration, and recurrences are also observed.

The prognostic scoring system for clinical outcomes is
well established by the International Extranodal Lymphoma
Study Group (IELSG), whose variables include age of 60
years or more, serum level of lactate dehydrogenase (LDH),
protein concentration in the cerebrospinal fluid (CSF), deep
brain involvement, and the performance status [5]. In terms
of the histopathological features of PCNSL, several markers,
such as the overexpression of c-Myc and the B cell lymphoma
(BCL)-2 and BCL6 translocation, have been reported as prog-
nostic markers [6]. Recently, the advancement of molecular
genetic analysis in cancers is expected to improve the predic-
tion efficacy for response to treatment and clinical outcomes.
Further efforts to define effective prognostic biomarkers in
PCNSL are ongoing, especially regarding genetic and epige-
netic mechanisms.

Epigenetic machinery induces stable changes in genetic
expression after transcription, without altering the DNA
sequences. An important insight into epigenetic alteration is
that some of the most frequent genetic mutations in cancers
are those related to chromatin and epigenetics, especially
those related to proteins with histone modifications. Histone
modification plays an essential role in normal cell function
and tumorigenesis. Mutation or deletion of these epigenetic
modifications often renders the cells unable to epigenetically
“switch on” critical gene sets that are required to differenti-
ate, repair DNA, and other essential cellular functions. Fail-
ure to activate these genes locks cells into a genotoxic state
that is conducive to oncogenesis and/or relapse of cancer.
Among these epigenetic alteration mechanisms, histone
modification is a major part of the mechanism that post-
transcriptionally regulates the gene expression. This modi-
fication can involve methylation, acetylation, ubiquitylation,
or phosphorylation of histone proteins. The methylation of
histone proteins usually occurs at the side chains of arginine
and lysine residues within the N-terminal region. Several
enzymes regulating the methylation status of histone H3
lysine residues have been reported to have pathological and
clinical significance in several cancers [7]. Although several
studies have reported the epigenetic role of the enhancer of
zeste homolog 2 (EZH2), an H3K27 methyltransferase, in
extranodal lymphoma [7,8], there have not yet been any
comprehensive studies on PCNSL.

In this study, we examined the methylation status of his-
tone H3 lysine residues as major histone modification sites
using immunohistochemical analysis of PCNSL samples

obtained by biopsy or surgical resection. The primary aim of
this study was to identify the specific methylation status of
histone H3 lysine, which plays a prognostic role in patients
with PCNSL. We also investigated the unique methylation
and demethylation enzymes that modify the specific meth-
ylation status with the ability to predict the prognosis of
patients with PCNSL.

Materials and Methods

1. Sample collection

We conducted a translational cohort study using formalin-
fixed, paraffin-embedded (FFPE) tissue specimens of PCNSL
that were obtained by biopsy or surgical resection at our
institute from January 2007 to December 2019. During this
period, 95 patients were histopathologically diagnosed with
PCNSL. All patients included in this study had been recently
diagnosed with PCNSL and received treatment and follow-
up atour institution until death. Our institute is the sole regio-
nal university hospital, covering a population of 1,500,000
people. Patients with human immunodeficiency virus infec-
tion detected via serum screening were excluded from this
study. The available histological samples were obtained from
the Department of Pathology Archives of our institute. All
hematoxylin and eosin-stained slides were reviewed again
by two different pathologists (E.H. Lee and D.C. Kim) using
the 2016 revision to the World Health Organization (WHO)
classification of myeloid neoplasms and acute leukemia [9]
and were blinded to the clinical and pathological parameters.
Samples in a poor condition were excluded for the follow-
ing reasons: the tumor was almost entirely necrotized, or
the tumor contribution to the section was less than 80%. In
addition, patients with insufficient medical data were exclu-
ded from the analysis.

2. Clinical data

Epidemiological characteristics (including sex, age at the
time of diagnosis of PCNSL, and performance status), type of
primary treatment for PCNSL, type of salvage treatment for
recurrent and progressive disease, duration of the follow-up,
and time of death were retrospectively reviewed from the
medical records of each patient. For prognostic assessment,
additional factors, such as the serum LDH level, protein
concentration in the CSF, and deep brain involvement, were
evaluated using the literature criteria provided by IELSG [5].
All patients were treated with the same protocol of high-dose
methotrexate-based combination chemotherapy followed by
adjuvant whole-brain radiotherapy.

Radiological characteristics of brain lesions were evalu-
ated using magnetic resonance imaging (MRI) at the time of
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the initial diagnosis of PCNSL. The number was classified
as unifocal or multifocal, based on the mass enhanced with
gadolinium on T1 weighted MRI. The basal ganglia, corpus
callosum, brain stem, and cerebellum were defined as deep
brain structures. Peritumoral edema was categorized as < or
> 2 cm from the brain tumor, as assessed by the T2-weight-
ed MRL In cases of multiple brain lesions, regardless of the
number of lesions, different patterns of enhancement on MRI
were counted as heterogeneous enhancement. Radiological
evaluation was performed by two different neuroradiolo-
gists (Y.M. Lee and M.O. Sunwoo) who were blinded to the
clinical and pathological parameters.

In terms of pathological characteristics, routine analysis
of diagnostic markers was performed at the time of initial
diagnosis, such as pathological diagnosis according to the
2016 WHO classification, cell type, Epstein-Barr virus (EBV)
in situ hybridization, Ki67 index, and immunoreactivity of
B-cell Bcl-2/6, p53, multiple myeloma (MUM)-1, and c-Myec.
These features were obtained from pathological reports.

3. Immunohistochemical staining and its interpretation

Immunohistochemical staining was used to examine the
expression levels of methylated histone H3 lysine residues
(H3K4mel, H3K4me3, H3K9mel, H3K9me2, H3K9me3,
H3K14, H3K27mel, H3K27me2, H3K27me3, H3K36mel,
H3K36me2, and H3K36me3). After confirming the signifi-
cance of the hypomethylation of H3K4me3 and hypermeth-
ylation of H43K27me2/3, additional immunohistochemical
staining for H3K4 demethylase (lysine-specific histone dem-
ethylase [LSD] 1-2 and Jumonji AT-rich interactive domain
[JARID] 1A-D) and H3K27 methyltransferase (EZH 1 and
2) was performed. We sequentially obtained three or four
sections from each FFPE block of PCNSL per patient. For
immunohistochemical analysis, the labeled streptavidin-
biotin method was applied to sections from FFPE tissues that
had been used for disease diagnosis. Individual monoclonal
or polyclonal primary antibodies were used according to the
manufacturer’s instructions (S1 Table).

Appropriate positive and negative immunohistochemical
controls were used in this study. Negative controls were sam-
ples in which the primary antibody was omitted. Sections
from the normal brain cortex obtained from autopsy speci-
mens were used as positive controls to detect each marker.
Ten fields were selected from the regions with the highest
concentrations of immunohistochemically stained nuclei
and were examined at high magnification (x400). Each field
corresponded to a total cell number ranging from 700-1,000
cells relative to the cellularity of the tumor specimen and
area of necrosis; normal glial cells, normal epithelial cells of
the brain, and endothelial cells were excluded. Considering
1,000 cells by manual counting, we recorded the immunore-
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activity of proteins and markers as the percentage of immu-
nohistochemically stained cells.

Two different neuropathologists (E.H. Lee and D.C. Kim),
who were blinded to patient clinical and radiological infor-
mation, reviewed all slides. If the difference between the per-
centages of immunoreactive cells calculated independently
by the two pathologists was less than 5%, the mean of the
two percentages was used. If the difference was 5% or more,
defined as discordance, two reviewers determined the mean
percentage of immunoreactivity after repeatedly counting
the cells, and there were only three discordant cases (3.4%)
of immunoreactivity. Digital images were captured using a
microscope (model BX41TE, Olympus, Tokyo, Japan) and a
digital camera (DP70, Olympus).

As there is no universal cutoff value for the immunoreac-
tivity of these markers, the area under the receiver operating
characteristic (ROC) curve was used to determine the opti-
mal threshold of the mean percentage of immunoreactive
cells from 1,000 cells. Sensitivity was calculated as the true-
positive rate (the number of true-positives divided by the
sum of the numbers of true-positives and false-negatives),
specificity was estimated as the true-negative rate (the num-
ber of true-negatives divided by the sum of the numbers of
true-negatives and false-positives), and accuracy as the sum
of the number of true-positives and true-negatives divided
by the total number of positives and negatives. True positives
were those in which the immunoreactivity percentage above
the cutoff value had a positive influence on overall survival
(OS), and true negatives, in which the immunoreactivity per-
centage below the cutoff value had a negative influence on
OS. We determined the threshold of immunoreactivity with
the highest sensitivity and specificity. Through a sensitivity-
specificity analysis, a cutoff point for immunoreactivity at
which sensitivity and specificity crossed and that was corre-
lated with longer survival was determined for each marker.
Sequential correlation analysis for OS among the patients
was performed according to the cutoff value established for
these markers.

4. Western blotting analysis

Frozen samples of PCNSL obtained by the surgical resec-
tion of patients were processed for protein assays using stand-
ard western blotting analysis as follows. In brief, the samples
were homogenized in 5 V of buffer containing 300 mM su-
crose, 4 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 2 mM ethyleneglycoltetraacetic acid (EGTA),
1 mM phenylmethylsulfonyl fluoride, and 20 mM leupeptin
using a polytron homogenizer at the maximum speed in five
5-second bursts. The homogenates were incubated at 4°C for
30 minutes and then centrifuged at 10,000 xg for 30 minutes
at 4°C. The lysates were collected, and the protein concen-
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tration was determined using the BCA Protein Assay kit
(Abcam, Cambridge, MA). Equal amounts of proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes (GE Healthcare Biosciences, Piscataway, NJ).
The blots were initially blocked overnight with 5% milk in
buffer containing 20 mM Tris-hydrogen chloride (Tris-HCI)
(pH 7.4), 137 mM sodium chloride (NaCl), 0.05% Tween-20,
and then incubated for 1 hour with anti-H3K4me3 antibody
(1:500), anti-H3K27me2 antibody (1:500), anti-H3K27me3
antibody (1:500) (all from Abcam). After washing, the blots
were incubated for 1 hour at room temperature with a horse-
radish peroxidase-linked goat anti-mouse secondary IgG
antibody (1:500). The internal control was a monoclonal anti-
glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH)
antibody (1:250, Sigma, St. Louis, MO). The bound antibod-
ies were visualized using an Amersham enhanced chemilu-
minescence kit. H3K4me3, H3K27me2, and H3K27me3 were
quantified densitometrically using suitable autoradiographs
of 300 mM sucrose, 4 mM HEPES, and EGTA. The relative
intensity of the target bands was quantified using the Image
] software and normalized to the intensity of GAPDH.

5. Survival and statistical analyses

Medical records of the clinical history and radiographic
reports of all study subjects were analyzed to determine the
progression-free survival (PFS) and overall survival (OS).
Recurrence was defined as the development of a new
lesion on T1-weighted MRI with contrast enhancement in
the case of complete remission after conventional treatment
of PCNSL. PFS was defined as an increase in the enhancing
lesion on T1-weighted MRI by 50%. PFS was calculated from
the date of initial treatment to recurrence and/or progres-
sion. The date of death was confirmed and recorded. OS was
defined as the time from the date of pathological diagnosis of
PCNSL until death. The date of biopsy or surgical resection
of PCNSL was recorded as the date of diagnosis.

Statistical analyses were performed using SPSS ver. 20.0
(IBM Corp., Armonk, NY). Differences between subgroups
were analyzed with Student’s t test for normally distributed
continuous values, Mann-Whitney U test for non-normally
distributed continuous values, and chi-squared tests for
categorical variables. OS was calculated using the Kaplan-
Meier method. Comparisons among groups were performed
using the log-rank test. Variables that were significantly
associated with longer PFS and OS in patients with PCNSL
in univariate analyses were further examined using multi-
variate analysis. Several additional variables associated with
PFS and OS in the literature and of interest to investigators
were also included in the multivariate analysis. In this analy-
sis, the Cox proportional hazards regression model was used

to assess the independent effects of specific factors on PFS
and OS and to define the hazard ratios of significant covari-
ates. Differences were considered statistically significant at
two-sided p-values < 0.05.

Results

1. Characteristics of patients and tumors

Among 95 patients, who were histopathologically diag-
nosed with PCNSL between January 2007 and December
2019, 87 were ultimately enrolled in the study. Eight cases
(8.4%) were excluded from this study as their tissues were
almost entirely necrotized, or the tumor contribution to the
sections was less than 80%, or the medical data were insuf-
ficient. The mean age of these patients at the time of PCNSL
diagnosis was 57.6 years (range, 32.4 to 81.2 years). There
were 45 men (51.7%) and 42 women (48.3%). Six patients
(6.9%) had ocular involvement of the tumor. Serum LDH
levels were elevated in 32 patients (36.8%), and CSF protein
concentration was elevated in 54 patients (62.1%). Sixty-two
patients (71.3%) exhibited an independent performance sta-
tus in daily activity with an Eastern Cooperative Oncology
Group performance score of 0-1, while 25 patients (28.7%) ex-
hibited a score of 2-3. In terms of risk evaluation for progno-
sis, 28 patients (32.2%) were categorized as low risk (IELSG
score of 0-1), 24 (39.1%) as intermediate risk (IELSG score of
2-3), and 25 (28.7%) as high risk (IELSG score of 4-5) (Table 1).

Regarding radiological features, 57 patients (65.5%) had
unifocal, while 30 (34.5%) had multifocal brain lesions. There
was involvement of the deep brain in 38 patients (43.7%)
and CSF dissemination of tumor cells in five patients (5.7%).
The maximal tumor size was 3 cm or larger in 40 patients
(46.0%), and peritumoral edema was 2 cm or larger in 33
patients (37.9%). In T1-weight MRI, 19 patients (21.8%)
showed homogenous enhancement of contrast. Thirty-one
patients (35.6%) underwent gross total resection of the tumor
for curative purposes, and 56 patients (64.4%) underwent
biopsy or partial resection of the tumor for diagnostic pur-
poses (Table 1).

Histopathological findings showed that 74 patients (85.1%)
had diffuse large B-cell lymphoma (DLBCL), 32 (36.8%) had
germinal center B-cell (GCB) lymphoma, and 55 (63.2%) had
activated B-cell (ABC) lymphoma. Immunohistochemical
staining showed positivity for BCL-2 in 66 patients (75.9%),
BCL-6 in 69 patients (79.3%), p53 in 38 patients (43.7%),
MUM-1 in 50 patients (57.5%), and c-Myc in 41 patients
(47.1%). EBV was detected in 19 patients (21.8%) using in situ
hybridization analysis. Ki67 was 50% or more in 56 patients
(64.4%) (Table 1).

All patients were treated with high-dose methotrexate-
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Table 1. Clinical data of 87 patients with primary CNS lym-

phoma

Clinical feature

Age (yr)

>60 49 (56.3)

<60 38 (43.7)
Sex

Male 45 (51.7)

Female 42 (48.3)
Ocular involvement

Yes 6(6.9)

No 81(93.1)
Elevated serum LDH

Yes 32 (36.8)

No 55 (63.2)
Elevated protein in CSF

Yes 54 (62.1)

No 33 (37.9)
ECOG performance score

0-1 62 (71.3)

2-3 25 (28.7)
Adjuvant cytarabine treatment

Yes 6(6.9)

No 81(93.1)
Risk of IELSG

0-1 28 (32.2)

2-3 34 (39.1)

4-5 25 (28.7)

Radiological feature

Patterns

Unifocal 57 (65.5)

Multifocal 30 (34.5)
Deep location involvement

Yes 38 (43.7)

No 49 (56.3)
CSF seeding

Yes 5(5.7)

No 82 (94.3)
Maximal size of tumor (cm)

>3 40 (46.0)

<3 47 (54.0)
Peritumoral edema (cm)

>2 33 (37.9)

<2 54 (62.1)
Enhancement patterns

Homo 19 (21.8)

Hetero 68 (78.2)
Surgical extent

GTR 31 (35.6)

Bx 56 (64.4)

(Continued)

694  CANCER RESEARCH AND TREATMENT

Table 1. Continued

Pathological feature
Pathological classification

DLBCL 74 (85.1)

Others 13 (14.9)
Cell type

GCB 32 (36.8)

ABC 55 (63.2)
BCL-2

Positive 66 (75.9)

Negative 21 (24.1)
BCL-6

Positive 69 (79.3)

Negative 18 (20.7)
p53

Positive 38 (43.7)

Negative 49 (56.3)
MUM1

Positive 50 (57.5)

Negative 37 (42.5)
C-myc

Positive 41 (47.1)

Negative 46 (52.9)
EBV in situ hybridization

Positive 19 (21.8)

Negative 68 (78.2)
Ki67 index (%)

>50 56 (64.4)

<50 31 (35.6)

ABC, activated B-cell; BCL-2, B-cell lymphoma-2; BCL-6, B-cell
lymphoma-6; Bx, biopsy; CSF, cerebrospinal fluid; DLBCL, dif-
fuse large B-cell lymphoma; EBV, Epstein-Barr Virus; ECOG,
Eastern Cooperative Oncology Group; GCB, germinal center B-
cell; GTR, gross total resection; IELSG, International Extranodal
Lymphoma Study Group; LDH, lactate dehydrogenase; MUMI,
multiple myeloma-1.

based combination chemotherapy and/or whole-brain
radiotherapy. They were followed-up for 6 months, and the
median follow-up duration was 54.6 months (range, 6.0 to
150 months). Twenty-eight patients (32.2%) experienced
recurrence or progression; mean time-to-progression was
19.8 months (range, 6.0 to 51.5 months) and mean PFS was
104.3 months (95% confidence interval [CI], 90.6 to 118.0
months). Eleven patients (12.6%) succumbed to the disease;
the mean time-to-death was 21.0 months (range, 12.5 to 30.5
months). Mean OS was 132.1 months (95% CI, 122.2 to 141.9
months).
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Fig. 1. Examples of immunohistochemical staining of H3K4me3 (A, D), H3K27me2 (B, E), and H3K27me3 (C, F). Upper lane (A-C) indi-
cates the hypomethylated status and bottom lane (D-F) indicates the hypermethylated status.

2. Immunohistochemical staining of histone H3 lysine resi-
dues

The commercially available histone H3 lysine residues
were examined by immunohistochemical staining (Fig. 1)
and categorized as high and low immunoreactivity accord-
ing to the cutoff value, which was determined by ROC curve
analysis (S2 Table).

The hypermethylation of H3K4mel was observed in 55
patients (63.2%), H3K4me3 in 47 patients (54.0%), H3K9mel
in 24 patients (27.6%), H3K9me2 in 48 patients (55.2%),
H3K9me3 in 52 patients (59.8%), H3K14 in 39 patients
(44.8%), H3K27mel in 41 patients (47.1%), H3K27me2 in
33 patients (37.9%), H3K27me3 in 27 patients (31.0%), H3K-
36mel in 44 patients (50.6%), H3K36me2 in 48 patients
(55.2%), and H3K36me3 in 51 patients (58.6%) (Table 2).
Among them, patients with hypomethylation of H3K4me3
had signifi-cantly more frequent recurrences than those
with hypermethylation (p=0.004). In addition, patients with
hypermethylation of H3K27me2 and H3K27me3 had more
frequent recurrences than those with hypomethylation of the
two (p <0.001 and p=0.002, respectively) (Table 2).

3. Association of the methylation status of histone H3
lysine residues with PFS and OS

Patients with hypermethylation of H3K4mel and
H3K4me3 had longer mean PFS (112.4 months and 131.4
months, respectively) than those with hypomethylation (75.0
months and 69.3 months, respectively; p=0.052 and p=0.006,
respectively) (Table 3). Also, patients with hypomethylation
of H3K27me2 and H3K27me3 had longer mean PFS (130.3
months and 122.4 months, respectively) than those with
hypermethylation (49.4 months and 48.5 months, respective-
ly; p <0.001 and p=0.001, respectively) (Table 3). The Kaplan-
Meier survival curve showed the same results (Fig. 2). There

was no statistical difference in PFS according to the methyla-
tion status of the histone H3 lysine residue.

Patients with hypermethylation of H3K4mel and H3K4-
me3 had longer mean OS (142.7 months and 142.9 months,
respectively) than those with hypomethylation (90.6 months
and 64.4 months, respectively; p=0.065 and p=0.002, respec-
tively) (Table 3). Also, patients with hypomethylation of
H3K27me2 and H3K27me3 had longer mean PFS (147.5
months and 1454 months, respectively) than those with
hypermethylation (76.5 months and 67.5 months, respective-
ly; p=0.019 and p=0.011, respectively) (Table 3). The Kaplan-
Meier survival curve showed the same results (Fig. 3). There
was no statistical difference in OS according to the methyla-
tion status of the histone H3 lysine residue.

4. Histone-modifying enzymes of H3K4 and H3K27 in
immunohistochemical analysis

After detecting the relationship between the hypomethyla-
tion of H3K4me3 and hypermethylation of H43K27me2/3
and the prognosis of patients with PCNSL, additional
immunohistochemical staining for H3K4 demethylase (LSD1
and 2, JARID1A-D) and H3K27 methyltransferase (EZH1
and 2) was performed to examine the specific role of these
modification enzymes in patients with PCNSL. In addition,
these modifying enzymes were categorized as high and low
immunoreactivity according to the cutoff value, which was
determined by ROC curve analysis (S3 Table).

Among 40 samples with hypomethylated H3K4me3, 31
(77.5%) showed increased expression of JARID1A (H3K4
demethylase) in immunohistochemical analysis (Fig. 4A). A
significant linear correlation between H3K4 and the expres-
sion of JARID1A was also observed in the reverse propor-
tion (R? linear=-1.431) (Fig. 4B). This result indicates that
JARID1A, as an H3K4 demethylase, plays a major role in the
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Table 2. Methylation status of histone H3 lysine in 87 primary CNS lymphoma samples

Total (n=87) Recurrence (+) (n=28) Recurrence (-) (n=59) p-value

H3K4mel
Hypermethylation 55 (63.2) 16 (29.1) 39 (70.9) 0.122
Hypomethylation 32 (36.8) 12 (37.5) 20 (62.5)

H3K4me3
Hypermethylation 47 (54.0) 6(12.8) 41 (87.2) 0.004
Hypomethylation 40 (46.0) 22 (55.0) 18 (45.0)

H3K9mel
Hypomethylation 63 (72.4) 21 (33.3) 42 (66.7) 0.882
Hypermethylation 24 (27.6) 7(29.2) 17 (70.8)

H3K9me2
Hypomethylation 39 (44.8) 12 (30.8) 27 (69.2) 0.475
Hypermethylation 48 (55.2) 16 (33.3) 32 (66.7)

H3K9me3
Hypomethylation 35 (40.2) 12 (34.3) 23 (65.7) 0.493
Hypermethylation 52 (59.8) 16 (30.8) 36 (59.2)

H3K14
Hypomethylation 48 (55.2) 15 (31.3) 33 (68.7) 0.855
Hypermethylation 39 (44.8) 13 (33.3) 26 (66.7)

H3K27mel
Hypermethylation 41 (47.1) 14 (34.1) 27 (65.9) 0.529
Hypomethylation 46 (52.9) 14 (30.4) 32 (69.6)

H3K27me2
Hypermethylation 33(37.9) 20 (60.6) 13 (39.4) <0.001
Hypomethylation 54 (62.1) 8(14.8) 46 (85.2)

H3K27me3
Hypermethylation 27 (31.0) 16 (59.3) 11 (40.7) 0.002
Hypomethylation 60 (69.0) 12 (20.0) 48 (80.0)

H3K36mel
Hypomethylation 43 (49.4) 15 (34.9) 28 (65.1) 0.622
Hypermethylation 44 (50.6) 13 (29.5) 31 (70.5)

H3K36me2
Hypomethylation 39 (44.8) 11 (28.2) 28 (71.8) 0.475
Hypermethylation 48 (55.2) 17 (35.4) 31 (65.6)

H3K36me3
Hypomethylation 36 (41.4) 12 (33.3) 24 (66.7) 0.923
Hypermethylation 51 (58.6) 16 (31.4) 35 (68.6)

Values are presented as number (%). CNS, central nervous system.

hypomethylation of H3K4me3. Other H3K4 demethylases
did not have a role in the hypomethylation of H3K4me3 in
PCNSL cells. In addition, a total of 33 samples (100%) with
hypermethylated H3K27me2 showed increased expression
of EZH2 (H3K27 methyltransferase) in immunohistochemi-
cal analysis (Fig. 4C). A significant linear correlation bet-
ween the hypermethylation of H3K27me2 and the expres-
sion of EZH2 was also observed in direct proportion (R?
linear=0.667) (Fig. 4D). This result indicates that EZH2, as an
H3K27 methyltransferase, plays a major role in the hyper-
methylation of H3K27me2. Moreover, 25 out of 27 samples
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with hypermethylated H3K27me3 (92.6%) had increased
expression of EZH2 (H3K27 methyltransferase) in immuno-
histochemical analysis (Fig. 4E). A significant linear correla-
tion between the hypermethylation of H3K27me3 and the
expression of EZH2 was also observed in direct proportion
(R? linear=0.604) (Fig. 4F). This result indicates that EZH2, as
an H3K27 methyltransferase, plays a major role in the hyper-
methylation of H3K27me3. Other H3K27 methyltransferases
did not have significant roles in the hypermethylation of
H3K27me2 and H3K27me3 in PCNSL cells.

Univariate analysis showed several meaningful associa-
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Table 3. Progression-free survival and overall survival according to methylation status of histone H3 lysine

Progression-free survival (mo)

Overall survival (mo)

Mean+SE  HR (95% CI)  p-value Mean+SE  HR (95% CI)  p-value

H3K4mel
Hypermethylation 112.4+7.4  2.03 (1.02-3.04) 0.052 142.7441  2.14(0.95-3.36)  0.065
Hypomethylation 75.0£9.5 90.6+8.9

H3K4me3
Hypermethylation 131.4+6.7  6.31(3.75-8.87) 0.006 1429444  8.32(4.55-12.09) 0.002
Hypomethylation 69.3£9.3 14.4+1.9

H3K9mel
Hypomethylation 105.0£12.4 1.14 (0.36-1.91) 0.828 1345455  1.71(0.80-2.62)  0.429
Hypermethylation 102.9+7.9 120.2411.1

H3K9me2
Hypomethylation 108.949.3  1.51(0.75-2.27) 0.457 125.148.5  1.38(0.37-2.39) 0.705
Hypermethylation 92.948.1 124.545.0

H3K9me3
Hypermethylation 1074483  1.46(0.72-2.01) 0.512 128.646.9  1.33(0.40-2.26)  0.692
Hypomethylation 92.5+9.4 124.0+6.0

H3K14
Hypomethylation 106.5£9.1  1.20 (0.59-1.81) 0.755 132.316.7  1.18(0.32-2.04)  0.893
Hypermethylation 96.348.7 123.346.9

H3K27mel
Hypomethylation 108.318.6  1.61(0.77-2.45) 0.302 1412449  1.57(0.62-2.52)  0.380
Hypermethylation 91.749.0 109.448.0

H3K27me2
Hypomethylation 130.3+6.2  12.82(6.35-19.29) < 0.001 147.5+2.4  4.05(1.99-6.11)  0.019
Hypermethylation 49.4+7.1 76.5£7.9

H3K27me3
Hypomethylation 122.4+6.6 10.27 (6.08-14.46)  0.001 1454432  4.74(2.65-6.83)  0.011
Hypermethylation 48.5+7.1 67.5+7.7

H3K36mel 0.878
Hypomethylation 106.3+8.3  1.19 (0.54-1.84) 1326459  1.69 (0.67-2.71)  0.591
Hypermethylation 99.747.7 126.748.0

H3K36me2
Hypermethylation 100.9£9.0  1.05(0.31-1.79) 0.915 132.446.6  1.03(0.18-1.89)  0.977
Hypomethylation 99.7+8.4 118.846.7

H3K36me3
Hypomethylation 104.6£10.2  1.02 (0.22-1.82) 0.992 129.2459  1.48 (0.66-2.29) 0.587
Hypermethylation 98.2+7.2 127.5+7.2

CI, confidence interval; HR, hazard ratio; SE, standard error.

tions of PFS and OS with the expression of H3K4 methyl-
transferase and H3K27 demethylase. Patients with unde-
rexpression of JARIDIA (H3K4 methyltransferase) had
longer mean PFS than those with overexpression of JARID1A
(121.7 months vs. 72.9 months, p=0.018). Also, patients with
underexpression of EZH2 (H3K27 demethylase) had longer
mean PFS than those with overexpression of EZH2 (126.4
months vs. 68.1 months, p=0.002) (Table 4). In terms of OS,
same results showed that patients with underexpression of

JARID1A and EZH?2 had longer mean OS than those with
overexpression of JARIDIA and EZH2 (150.9 months vs.
98.2 months and 167.4 months vs. 74.3 months, respectively)
(Table 4). There was no statistical difference in PFS and OS
according to the expression of other H3K4 methyltransferas-
es and H3K27 demethylases. The Kaplan-Meier survival
curve showed the same results as the underexpression of
JARID1A and EZH?2 should be associated with longer PFS
and OS (S4 and S5 Figs.).
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Table 4. Progression-free survival and overall survival according to H3K4 methyltransferase and H3K27 demethylase

Progression-free survival (mo)

Overall survival (mo)

Mean+SE  HR (95% CI)  p-value Mean+SE  HR (95% CI)  p-value
LSD1
Underexpression 115.149.4  1.87(0.88-2.86)  0.321 145.649.2 121 (0.48-1.94)  0.682
Overexpression 95.1+8.5 120.6+8.9
LSD2
Underexpression 1224484  2.11(0.96-3.26) 0.156 149.9+14.4 1.30 (0.48-2.21) 0.621
Overexpression 90.3+7.6 118.3+11.9
JARIDI1A
Underexpression 121.7411.1  3.78 (1.64-5.92)  0.018 150.9+15.2  3.05(1.84-4.26)  0.032
Overexpression 72.946.2 98.2+11.1
JARID1B
Underexpression 119.849.0  2.24 (0.99-3.68) 0.052 150.9+10.3 1.76 (0.70-2.82) 0.412
Overexpression 82.3+7.1 105.4+9.4
JARID1C
Underexpression 113.949.1  1.52(0.63-2.41)  0.294 1412489 156 (0.72-2.39)  0.395
Overexpression 92.5+7.2 120.948.1
JARID1D
Underexpression 110.748.7  1.35(0.51-2.19) 0.675 1409485  1.41(0.67-2.15) 0.523
Overexpression 98.3+8.4 123.8+7.4
EZH1
Underexpression 121.87.6 226 (0.98-3.54)  0.051 141.2410.9 1.44(0.54-2.34)  0.641
Overexpression 81.7+7.0 120.448.8
EZH2
Underexpression 126.4+11.2 5.11 (3.64-6.58) 0.002 16744129 6.72 (3.88-9.56) 0.006
Overexpression 68.1+6.9 74.319.2

CI, confidence interval; EZH, enhancer of zeste homolog; HR, hazard ratio; JARID, Jumonji AT-rich interactive domain; LSD, lysine-

specific demethylase; SE, standard error.

Multivariate analysis using the Cox regression model
showed that hypermethylation of H3K4me3 (hazard ratio
[HR], 3.76; 95% CI, 1.86 to 5.65), hypomethylation of H3K-
27me2 (HR, 5.14; 95% CI, 3.42 to 6.86), hypomethylation of
H3K-27me3 (HR, 4.73; 95% CI, 2.97 to 6.49), underexpression
of JARID1A (HR, 2.92;95% CI, 1.61 to 4.23), and underexpres-
sion of EZH2 (HR, 4.42; 95% CI, 2.15 to 6.69) were indepen-
dently associated with longer PFS (Table 5). Hypermethyla-
tion of H3K4mel, underexpression of LSD2, underexpression
of JARID1B, and underexpression of EZH1, which had a ten-
dency for longer PFS in univariate analysis, were not associ-
ated with longer PFS after multifactor adjustment. In addi-
tion, hypermethylation of H3K4mel (HR, 2.78; 95% CI, 1.21
to 4.35), hypermethylation of H3K4me3 (HR, 2.68; 95% CI,
1.28 to 4.08), hypomethylation of H3K27me2 (HR, 4.60; 95%
Cl, 3.02 to 6.18), hypomethylation of H3K27me3 (HR, 6.31;
95% CI, 3.94 to 8.68), underexpression of JARID1A (HR, 3.32;
95% CI, 1.57 to 5.07), and underexpression of EZH2 (HR,
5.08; 95% CI, 2.81 to 7.35) were independently associated
with longer OS (Table 5).
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5. Histone-modifying enzymes of H3K4 and H3K27 in
western blotting analysis

The expression of H3K4me3 was significantly upregulat-
ed in the silenced JARID1A cells than the negative control
cells (p < 0.001) (Fig. 5A). However, the expression levels of
H3K27me2 and H3K27me3 were significantly downregulat-
ed in the silenced EZH2 cells than the negative control cells
(p <0.001) (Fig. 5B and C).

Discussion

The primary aim of this study was to identify the specific
methylation status of histone H3 lysine residues that play a
prognostic role in patients with PCNSL using immunohisto-
chemical analysis of 87 PCNSL samples. To the best of our
knowledge, this study is the first translational research to
suggest the epigenetic role of histone H3 lysine methylation
status in predicting the prognosis of patients with PCNSL
because of the rarity of the disease. Although several reports
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Fig. 2. Kaplan-Meier survival curves for progression-free survival according to the methylation status of the histone H3 lysine residues:
(A) H3K4mel, (B) H3K4me3, (C) H3K9mel, (D) H3K9me?2, (E) H3K9me3, (F) H3K14. (Continued to the next page)

have shown that H3K27 mutation is associated with poor
prognosis in pediatric high-grade gliomas [10-12], there have
been no comprehensive studies suggesting the epigenetic
role of the methylation status of histone H3 lysine in predict-
ing the prognosis in other cancers, including PCNSL. These
mutations in pediatric high-grade gliomas are mutually
exclusive recurrent somatic missense mutations in the amino
tail of histone H3 genes: a lysine-to-methionine substitution

at position 27 of histone 3.1 or 3.3 (H3K27M) and a glycine-
to-arginine (or valine) substitution at position 34 of histone
3.3 (H3.3G34R/V) [11,12]. In terms of associated gene muta-
tions, H3K27M mutant gliomas have PDGFRA amplification
or ACVRI mutations, and H3G34R /V mutant gliomas have
the ATRX mutation. TP53 mutations are common in all his-
tone-mutated glioma subsets [10]. However, we did not per-
form a comprehensive study to identify the specific genetic
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Fig. 2. (Continued from the previous page) (G) H3K27mel, (H) H3K27me2, (I) H3K27me3, (J) H3K36mel, (K) H3K36me2, and (L) H3K36me3.

alterations associated with the methylation status of histone
H3 lysine residues. The present study is the first to show that
the methylation status of H3K4me3 and H3K27me2/3 has
a prognostic role in patients with PCNSL. However, further
experiments should be performed to find out the specific
genetic alteration which is derived by the hypomethylation
of H3K4me3 and hypermethylation of H3K27me2/3.

The present study showed that EZH2, an H3K27 demethy-
lase, plays a role in predicting the prognosis of patients with
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PCNSL as well as the methylation status of the histone H3
lysine. Several studies have reported that EZH2, as an epi-
genetic histone-modifying enzyme, should be a poor prog-
nostic marker in lymphoid malignancies, including DLBCL,
when they have gain-of-function somatic mutation [7,13,14].
EZH2 is the catalytic component of the polycomb repressive
complex 2, which methylates histone H3 lysine 27, resulting
in a mark that specifies a transcriptionally repressive chro-
matin environment. EZH2 aberrations have been observed
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Fig. 3. Kaplan-Meier survival curves for overall survival according to the methylation status of the histone H3 lysine residues: (A)
H3K4mel, (B) H3K4me3, (C) H3K9mel, (D) H3K9me?2, (E) H3K9me3, (F) H3K14. (Continued to the next page)

in a wide range of oncogenic processes, including cancer cell
proliferation, cell cycle regulations, disruption of immuno-
logic defenses, chromosomal gain or loss, and the activation
of apoptotic pathway [7,14,15]. EZH2 overexpression was
first described in several non-hematologic malignancies,
including prostate cancer, breast cancer, bladder cancer, gas-
tric cancer, lung cancer, hepatocellular carcinoma, renal cell
carcinoma, and melanoma [10]. Although high expression

levels of EZH2 have been directly correlated with a more
aggressive clinical course and increased rates of metastasis in
prostate, renal cell, and breast cancers [16], there have been
no comprehensive studies on PCNSL.

In terms of EZH2 role in the oncogenesis of lymphoma,
Morin et al. [17] had similar findings as ours, and they sug-
gested that deregulated histone modification due to EZH2
mutations is likely to result in hypermethylation of H3K27
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Fig. 3. (Continued from the previous page) (G) H3K27mel, (H) H3K27me2, (I) H3K27me3, (J) H3K36mel, (K) H3K36me2, and (L) H3K36me3.

and that it acts as a core driver event in the development
of non-Hodgkin lymphoma with analysis of RNA sequenc-
ing data from 13 DLBCLs. Their results also suggested that
epigenetic modification of histone H3K27 is of key impor-
tance, especially in GCB cells [17]. However, there was no
significant difference in the frequency of hypermethylation
of H3K27me2 (34.3% of GCB type vs. 40.0% of ABC type;
p=0.448) and H3K27me3 (28.1% of GCB type vs. 32.7% of
ABC type; p=0.615) in our study. This discrepancy might
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originate from the differences in sample size and method of
data analysis.

Other studies have shown that EZH2 induces the dys-
regulation of signaling pathways in developing cancer by
mediating c-Myc-miRNA-EZH2 oncogenic axis or loop;
c-Myc upregulates EZH2 through repression of the EZH2-
targeting certain miRNAs and that EZH2 could induce c-
Myc expression in reverse via inhibition of c-Myc targeting
specific miRNA [18]. Although c-Myc is a strong prognostic
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Fig. 4. Ilustration of the relationship between the methylation status of histone H3 lysine residue and the expression of histone modi-
fication enzyme in immunohistochemical staining. Diagram of hypomethylated H3K4me3 and increased expression of Jumonji AT-rich
interactive domain 1A (JARID1A) (A), hypermethylated H3K27me2 and increased expression of enhancer of zeste homolog 2 (EZH2) (C),
and hypermethylated H3K27me3 and increased expression of EZH2 (E). Linear correlation of H3K4me3 immunoreactivity and expression
of JARID1A (B), H3K27me2 immunoreactivity and expression of EZH2 (D), and H3K27me3 immunoreactivity and expression of EZH2 (F).

marker in our study, we did not find a relationship between might also originate from the differences in sample size and
c-Myc and EZH?2 expression; among the 33 samples with method of data analysis.

overexpression of EZH2, 15 samples (45.5%) had positive Many studies have reported the relationship between EBV
immunoreactivity for c-Myc, and another 18 samples (54.5%) infection and the development of lymphomas [19]. The life
had negative immunoreactivity for c-Myc. This discrepancy cycle of EBV is regulated by an epigenetic switch system that
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Table 5. Multivariate analysis for predicting factors of progression-free survival and overall survival

H3K4mel (hypermethylation vs. hypomethylation)
H3K4me3 (hypermethylation vs. hypomethylation)
H3K27me2 (hypomethylation vs. hypermethylation)
H3K27me3 (hypomethylation vs. hypermethylation)
LSD2 (underexpression vs. overexpression)
JARIDIA (underexpression vs. overexpression)
JARID1B (underexpression vs. overexpression)
EZH1 (underexpression vs. overexpression)

EZH2 (underexpression vs. overexpression)

HR (95% CI)
2.38 (0.96-3.78

Progression-free survival

p-value

0.065

Overall survival

HR (95% CI)
2.78 (1.21-4.35

p-value

) )
3.76 (1.86-5.65) 0.020 2.68 (1.28-4.08) 0.046
5.14 (3.42-6.86) 0.007 4.60 (3.02-6.18) 0.007
4.73 (2.97-6.49) 0.009 6.31 (3.94-8.68) 0.005
1.82(0.92-2.72) 0.217 NA
2.92 (1.61-4.23) 0.035 3.32 (1.57-5.07) 0.023
2.40 (0.93-3.87) 0.061 NA
2.07 (0.88-3.26) 0.101 NA
4.42 (2.15-6.69) 0.014 5.08 (2.81-7.35) 0.006

CI, confidence interval; EZH, enhancer of zeste homolog; HR, hazard ratio; JARID, Jumonji AT-rich interactive domain; LSD, lysine-

specific demethylase; NA, not available.

induces EBV virus expression on and off. EZH2 is known to
be an epigenetic histone-modifying enzyme that maintains
EBV latency and reactivates EBV action by regulating his-
tone H3K27 methylation [20]. Although EBV infection was
analyzed using the in situ hybridization technique in our
study, there was no relationship between positive infection
and clinical outcome. These results may originate from the
fact that EBV viral gene products can indirectly affect EZH2
expression by modulating the EZH2 upstream gene NF-xB
(nuclear factor kB) via multiple pathways [21].

The prognostic role of hypomethylated H3K4 was indu-
ced by overexpression of JARID1A as H3K4 demethylase
in the present study. Although there have been no studies
focused on the role of the methylation status of H3K4 in cer-
tain diseases, mutations in H3K4 demethylase are known to
be related to a number of diseases. JARID1 family proteins
often function as important transcriptional corepressors of
development-related genes, such as the HOX gene in JARI-
D1A [22]. In terms of tumorigenesis points, despite the initial
isolation of JARID1A from retinoblastoma tumor suppressor
protein decades ago [23], its mechanistic role in oncogenesis
is still unknown. Recently, various studies have shown that
JARID1 could repress differentiation, promote angiogen-
esis, drug resistance, and epithelial-mesenchymal transition,
enhance adhesion, metastasis, invasiveness, proliferation,
and cell motility in several cancer cells, and also worsen the
outcomes of patients with drug resistance [24]. However, to
date, there has been no meaningful study focused on the role
of JARID1A in PCNSL.

Interestingly, the bimodal function of the JARID1 family
in tumor progression and suppression has been considered
in several cancers. In terms of oncogenic function, JARID1A
is significantly amplified and overexpressed in breast cancer
and neck squamous cell carcinoma, JARID1B is upregulated
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in prostate, hepatocellular carcinoma, and ovarian cancer,
and upregulated JARID1C is associated with poor progno-
sis in breast and prostate cancers [25]. However, there are
reports that JARID1B inhibits proliferation and reduces drug
resistance in breast cancer [26]. The tumor suppressor func-
tion of JARID1C has been confirmed in clear cell renal cell
carcinomas and human papilloma virus-related malignan-
cies, and JARIDID was shown to be a tumor suppressor
based on its downregulation, mutation, or loss in prostate
cancer and clear cell renal cell carcinomas [25]. These diverse
roles for JARID1 proteins, including JARID1A, in multiple
cancer types underscore their high context dependence as
potential cancer biomarkers and drug targets.

Although our study showed a meaningful epigenetic role
for the methylation status of histone H3K4m3 and histone
H3K27me2/3 in predicting the prognosis of patients with
PCNSL, as well as the causal relationship between methyla-
tion status and specific histone-modifying enzymes, it had
several limitations. First, our analyses in the present study
were performed using immunohistochemical staining and
western blotting at the protein level rather than higher
genetic and molecular technology, such as RNA sequencing
for searching specific target genes and chromatin immuno-
precipitation sequencing to determine the step methylation
of histone H3 lysine. Although the present study illustrated
the association of methylation status of H3K4 and H3K27
and clinical outcome, it could not determine the specific
genetic role in cancer biology rather than a certain causal
relationship. Due to the heterogeneity of cancer biology in
single cancers, more comprehensive research is essential.
When the epigenome is disrupted, either independently
of genetic mutations or as a result, tumor cells can start to
evolve based on the selection of favorable epigenetic states.
This can lead to the production of tumor subclones that are
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Fig. 5. Western blotting analysis showed that the expression of H3K4me3 was significantly upregulated in the silenced Jumonji AT-rich
interactive domain 1A (JARID1A) cells (A), while the expression levels of H3K27me2 (B) and H3K27me3 (C) were significantly downregu-
lated in the silenced enhancer of zeste homolog 2 (EZH2) cells. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

genetically identical; however, in reality, they express differ-
ent combinations of genes and/or have altered the level at
which certain genes are expressed. In addition to producing
more aggressive characteristics, increased tumor heterogene-
ity decreases the likelihood that any one treatment will be
able to kill every subclone, which can lead to chemoresist-
ance and relapse [27]. As a result, JARID1A and EZH2 are
part of a full mechanism in the epigenetic regulation of PC-
NSL tumorigenesis and progression. More comprehensive

scientific evidence, supported by molecular genetic analy-
sis using in vivo as well as in vitro studies, is mandatory to
validate the present results. It is also important to identify
the unique target mechanism of methylation of histone H3
lysine residues to determine their role in the cancer biology
of PCNSL.

Second, the present study did not examine all histone H3
lysine residues or histone modification enzymes. Although
histone H3K4, H3K9, H3K14, H3K27, and H3K36 were
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included in this analysis, H3K79 and H4K20 are also known
to play a role in the cancer biology of certain diseases [28]. In
addition, all histone modification enzymes of each histone
H3 lysine residue were not included in our study. Proteins
that could be purchased commercially were used in this
analysis, and we did not prepare the materials. Although
JARID1A and EZH2 play specific roles in PCNSL cells, there
may be other specific enzymes that play an important role
in the oncogenesis of PCNSL. Therefore, our results do not
reflect all the possible mechanisms of epigenetic regulation
of methylation status in PCNSL. It is necessary for the inves-
tigators to perform a sequencing analysis to determine the
target genes in more samples and validate the results of in
vivo and in vitro studies.

Third, although two different neuropathologists assessed
the immunoreactivity in the samples, it is not certain wheth-
er our assessment of experiments in this study is correct
because the interpretation of the results obtained by immu-
nohistochemical staining may be rather subjective. The
optimal assessment of immunohistochemical staining results
can differ according to the concentration of the antigen used
for staining because of the difficulty in establishing stand-
ard conditions. In addition, there is no standard rule for
determining the cutoff value between positive and negative
findings. Therefore, it is necessary to establish a reasonable
cutoff value to repeat the experiments for validation and to
cooperate and communicate details regarding the interpreta-
tion of the data among the investigators. To overcome the
flaws in immunohistochemical staining, we used ROC curve
analysis to establish the cutoff value in a principled manner.
To determine the identity of immunoreactivity for histone
H3 lysine residues and histone lysine modification enzymes
at the cell level, an in vitro study will be helpful. Recently, a
deep-learning-based method using artificial intelligence that
can automatically localize and quantify the regions express-
ing biomarkers in any selected area on a whole slide image
has been proposed [29].

Finally, another limitation of this study was the bias origi-
nating from the retrospective design of the study. If the
number of patients is sufficiently large, this limitation can
be overcome. However, our study involved a small number
of subjects and may not meet the full assumptions of the
statistical tests used. We did our best to reduce the bias by
obtaining the clinical data from computerized data archives
using a uniform system and including the candidate patients
treated with the same protocol in a single center. Multiple
researchers that were involved in this study did not have any
clinical information or experimental results to help avoid
any preconception. Pathological findings and radiological
features were also independently reviewed, but there was
no clear bias due to the retrospective nature of the analysis.
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Despite these efforts, however, the conclusions drawn from
our study need further validation through prospective and
randomized clinical trials in the future.

In the present study, we investigated the prognostic role
of the methylation status of histone H3 lysine modification
in patients with PCNSL via immunohistochemical analysis.
We found that the hypomethylation of H3K4me3 and hyper-
methylation of H3K27me2/3 are associated with poor out-
comes in patients with PCNSL. In addition, the methylation
status of these residues was regulated by JARID1A (H3K4
demethylase) and EZH2 (H3K27 methyltransferase), respec-
tively, among several other H3K4 demethylases and H3K27
methyltransferases. The application of the results of this
study to future investigations and clinical trials can aid in the
development of novel treatment strategies.
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